Although myocardial damage caused by soman has been previously reported, its relation to brain damage is unclear. In order to clarify this relationship, we examined the histomorphogenesis of central nervous system (CNS) and myocardial lesions in Sprague-Dawley rats, given atropine methylnitrate (20 mg/kg) and HI-6 (125 mg/kg) ip 10 min before a single injection of 0 or 130 &mu;g soman/kg (sc) and sacrificed 45 min and 1.5 hr, 3 hr, 24 hr, and 72 hr later. Bilaterally symmetrical CNS damage began with vacuolation of the neuropil and was followed by astrocytic degeneration and neuronal necrosis culminating in liquefaction necrosis and focal hemorrhage. The cerebral cortex, limbic system, thalamus, and substantia nigra were common target sites. Repair in affected sites was characterized by capillary endothelial cell proliferation, microgliosis, and reversal of microvacuolation. Myocardial damage began with myocytolysis and contraction bands and evolved into coagulative myocytolysis and replacement fibrosis with a transient recruitment of acute inflammatory cells. The left ventricle, especially its free wall and papillary muscles, was consistently affected. There was good correlation among seizures, CNS damage, and myocardial lesions at all times following treatment. The results support the view that CNS lesions are associated with protracted seizure activity and provide evidence that myocardial damage is neurogenic.
INTRODUCTION
Soman (pinacolyl methylphosphonofluoridate), a potent anticholinesterase compound, causes an increase in the concentration of acetylcholine (36, 41, 62) and overstimulation of cholinergic receptors. Soman-induced clinical signs include salivation, diarrhea, lacrimation, tremors, convulsions, and seizures. In serious cases of poisoning, respiratory distress leading to death due to anoxia caused by respiratory paralysis may be present (56) . Recent pathophysiologic studies have revealed that exposure to soman may result in central nervous system (CNS) and myocardial lesions (6, 7, 11, 14-16, 27, 29, 43, 44, 46-49, 66) . CNS lesions have been reported in the piriform cortex, amygdala, thalamus, hippocampus, and substantia nigra. Myocardial degeneration was reported to be limited usually to the left ventricular wall and to progress to fibrosis (19, 44, 59, 66, 70) .
Although many aspects of the neuro-and cardiopathology induced by soman are now fairly well established, there is still considerable debate as to the mechanism(s) underlying these lesions and as to whether or not a cause and effect relationship exists between CNS damage and myocardial degeneration.
Because soman has been shown to be a potent central respiratory depressant (2, 12, 56) , initially it was thought that soman-induced pathology was due to hypoxia. Recently it was suggested that neither the nerve agent-induced seizure activity per se nor the direct toxic actions of the nerve agent appear to be responsible for the nerve agent induced neuropathology, supporting the coparticipation of a noncholinergic mechanism (29, 36, 37, (39) (40) (41) 45) . However, as the hypothesis on the soman-induced neuropathology evolved, the effects of the endogenous excitatory amino acids in soman-induced seizures (8, 37, 40) and intracellular calcium overload have been implicated as causative agents in the death of the cells. Cardiac damage, an associated lesion, is thought to be neurogenic in origin ( 19, 44, 59, 66, 69) .
Soman shares with d~m~ic acid and kainic acid Single sc dose administered 10 min after the ip injection of atropine methylnitrate (20 mg/kg) and HI-6 (125 mg/kg). some neurologic and pathologic manifestations. Both, like soman, give rise to seizures and CNS neuropathology (53, 72, 73) . In addition, domoic acid and kainic acid have been shown to be retinotoxic (33, 53, 72, 73) . To determine whether or not soman is also retinotoxic, it was decided to extend our histopathologic investigation to the eye.
The present study offered the opportunity 1) to investigate microscopically the time course of CNS, ocular, and myocardial lesion development in rats exposed to a single dose of soman and 2) to define the relationship between soman-induced cardiac damage and CNS lesions.
MATERIALS AND METHODS
Animals. Male Sprague-Dawley rats (400-500 g) obtained from Charles River Canada Ltd. (St. Constant, Quebec) were used in this study. The animals were housed 4 to a cage on sawdust bedding in the vivarium at Defence Research Establishment Suffield and allowed access to food [Purina Rat Chow (R) #5012, St. Louis, MO] and tap water ad libitum. The room temperature was 21-22°C and the photoperiod was 12 hr with the lights on at 0700 hr. In conducting the research described in this report, the investigators adhered to the Guide to the Care Table I. ATM (20 mg/kg) and HI-6 (125 mg/kg) were given ip in the same solution 10 min before the sc injection of soman. ATM + HI-6 were administered to increase the incidence of survivors. The soman im LD,,, of 110 Ag/kg (64) was very similar to the sc LD,o of 105 Ag/kg found in our laboratory when administered to similar weight rats. It was assumed that the route of administration would not affect the age related sensitivity changes in soman toxicity (64) .
Thus, in 400-g rats the 130 Jig/kg, sc dose of soman administered in the present study would be equivalent to a 2 x LD,o dose of soman (64) . To reduce the variability in the presentation of the pathology and to increase the precision of the experiments, the dose of soman was chosen so that it would produce seizures in all rats. Control rats received saline in place of soman.
Morphologic Evaluation. Tissue specimens were fixed in situ under anesthesia by intracardiac perfusion with lactated Ringer's solution containing sodium nitrite (0.2 g/L) and heparin (1,000 IU/L), followed by modified Kamowsky's solution (3% glutaraldehyde, 3% paraformaldehyde, 0.05% calcium chloride, 0.1 % picric acid in 0.2 M sodium cacodylate buffer, pH 7.3-7.5). The brain, eyes, and heart were then immersed in 10% neutral buffered formalin until embedded in paraffin. The sections were stained with hematoxylin and eosin (H&E). Duplicate brain and eye sections were stained with cresyl violet, luxol fast blue, and Bodian stains (74) . Duplicate myocardial sections were stained with the phosphotungstic acid hematoxylin (PTAH) method (74) . Selected heart sections were stained with the PAS, von Kossa, Gomori green trichrome, and Wright-Giemsa methods (74) . Sections of brain (10 coronal), heart (2 longitudinal), and eyes (2 equatorial) were examined from each rat. The 2 longitudinal heart halves were embedded separately. Sections were obtained after the paraffin blocks were trimmed until the papillary muscle was exposed. Histologic changes were described, whenever possible, according to their distribution, severity, and morphologic character. Severity scores used included minimal (1), mild (2), moderate (3), marked (4), and severe (5) . Heart and CNS (cerebral cortex and limbic system) lesion incidence and severity are summarized in Table II. Acetylcholinesterase. Heart tissue was transferred to a centrifuge tube containing 1 ml of homogenization buffer (0.01 M Tris, 0.05 M MgCl2, 1.0 M NaCI, and 1% (w/w) Triton-X 100)/100 mg of tissue. The inclusion of Triton X-100 resulted in 99.5% of cholinesterase activity present in the supernatant (63) . The tissue was homogenized, at 4°C, TABLE 11 . -Incidence and severity of histopathologic CNS and myocardial lesions seen in rats 0.?5 to 72 hr following a single dose of soman.
Notation: Dose of soman = 130 wg/kg, sc; CC = cerebral cortex; LS = limbic system; (n) = rat number; (n') = time to seizure in minutes; I = minimal; 2 = mild; 3 = moderate; 4 = marked; 5 = severe; seizure score 5 = sustained tonic clonic convulsions. using a Polytron homogenizer (Brinkman) at setting 6 for approximately 30 sec. The homogenate was centrifuged (Beckman J2-21M) at 20,000 x g for 20 min at 4°C. The supernatant was removed and clarified further by loading into 3-ml syringes and filtering through 0.45-Am filters (Acrodisk, Gelman Sciences, Ann Arbor, MI).
Each fraction was analyzed, in duplicate, for acetylcholinesterase activity using a microplate assay and the method of Ellman et al. (18) . Each fraction contained ISO-OMPA (10 Am) to inhibit pseudocholinesterase activity selectively. All liquid manipulations for the microplate assay were performed using a Biomek 1000 Automated Laboratory Workstation (Beckman Instruments). The optical density was read at a wavelength of 410 nm using an SLT 400 AT (SLT-Labinstruments) microplate reader.
RESULTS

Clinical Findings
Control rats were unaffected. Treated rats, except 1 in Group II, developed severe seizure activity within 4-7 min following the administration of soman (Table II) . Seizures occurred at frequent intervals for up to 1 hr. After this time, the rats exhibited paroxysmal convulsions of decreasing intensity interrupted by progressively longer periods of relative quietness. Convulsions were absent by the next day.
Gross Findings
Macroscopically, single and multiple punctiform hemorrhages were present in the cerebral cortex, dorsal thalamus, piriform cortex, and/or amygda- loid nuclei of 2 rats in Group V and all rats in Group VI. The limbic system of rats in Group VI was most severely affected.
Internal hydrocephalus characterized by progressive bilateral ventricular dilatation was present in rats of all treated groups. Its severity and incidence showed considerable variation between and within groups. Thus its presence was suspected in rats of Group II but was clearly evident in rats of Groups III-VI, in which the severity was judged to be mild to moderate (Fig. 1 ).
Histopathologic Findings
While the brain and heart were targets of soman toxicity, the retina was unaffected. A detailed account of CNS and heart lesions found is presented separately for each group. Group 1 (0 p,g/kg; 72 hr). The brain, heart, and eyes of negative control rats killed at 72 hr were unaffected.
Group II (130 p,g/kg; 0.75 hr). CNS: Minimal dense microvacuolation of the neuropil and mild hydropic change and enlargement of astrocytic nuclei were present in the olfactory bulb, frontal cortex, sensorimotor and piriform cortices, septum, bed nucleus of stria terminalis, thalamic nuclei, the alveus and pyramidal layer of CA 1, and the pyramidal layer of CA3 of the hippocampus (Fig. 3A -D; Table   II ). Isolated neurons within the vacuolated areas were basophilic with a scalloped cell outline and had 1 to several microvacuoles impinging on their somatic and dendritic cytoplasm. The substantia nigra was unaffected (Fig. 3E ). Lesions were seen in 3 of 4 rats in this group. The fourth rat, which failed to develop seizures, had no CNS lesions (Table II) .
Heart: Minimal to moderate microvacuolar degeneration of cardiocytes, focal myocytolysis, and contraction bands were present in the ventricular myocardium of 3 rats (Table II) . Sarcoplasmic microvacuolation occurred indiscriminately throughout the sarcoplasm. The microvacuoles were either round, oval, or cylindrical with rounded ends and had a tendency to align themselves in parallel arrays between the myofibrils ( Fig. 2A ).
In H&E-stained sections, focal myocytolysis appeared as foci of slightly decreased stainability and minimal to mild focal myofiber swelling. In PTAHstained sections, there was focal disintegration of myofibrils with loss of striations and accumulation of granular material, which stood out against a pale, possibly edematous background (Fig. 3F ). Myocytolysis was most often seen in close proximity to the intercalated disc, the paranuclear region being extremely rarely affected. Focal septum was less severely affected while the right ventricle was unaffected.
Contraction bands occurred either singly or in clusters affecting single or groups of myofibers. It was not uncommon to find myofibers replete with contraction bands.
The 3 types of myocardial lesions just described had the following common characteristics: they affected either single fibers or clusters of fibers; they did not affect the sarcolemma and basal lamina; and they did not give rise to an inflammatory response. At times, 2 or all 3 described lesions coexisted in the same fiber. The rat that failed to develop seizures and CNS damage had no myocardial lesions.
Group III (130 ¡.Lg/kg; 1.5 hr). CNS: Mild dense microvacuolation of the neuropil, moderate hydropic degeneration of variably enlarged astrocytic nuclei, and severely basophilic neurons with rugged outline were present in most target sites ( Fig. 4A -D ; Table II ). In severely affected neurons, the nucleus could no longer be distinguished from the cytoplasm. This was interpreted to represent an early manifestation of neuronal necrosis. In addition, early focal microvacuolation was seen in the corpus geniculatum medialis and substantia nigra ( Fig. 4E ). Although the described cytopathology was detected in all target sites, the intensity and distribution pattern of the lesions varied with the histologic architecture of such sites. Overall, 3 distribution patterns were detected. In brain sites with a cortical organization, neuronal degeneration had a laminar dis-tribution. In the hippocampus, lesions were limited to the pyramidal layer and alveus of CA 1 and the pyramidal layer of CA3. In the corpus geniculatum medialis and substantia nigra the lesions were focal (Fig. 4E ). Lesions were seen in all rats of this group (Table II) .
Heart: Myocardial damage was to a large extent similar to that described for Group II, but the lesions were more widespread. Microvacuolar degeneration was characterized by fewer but larger vacuoles. Focal myocytolysis was being replaced by focal coagulative myocytolysis. Affected myofibers were focally swollen and contained coarse granules of an eosinophilic hyaline material. Sarcoplasmic breakdown did not give rise to an inflammatory response and the sarcolemma and basal lamina appeared to be unaffected. Contraction bands were more numerous than those seen in Group II (Fig. 4F ).
Although myocardial lesions were present in all 5 rats, the extent of myocardial involvement varied among rats (Table II) . As was the case with Group II, degenerative myocardial lesions were almost exclusively present in the inner half of the left ventricular wall and papillary muscles. The free wall of the right ventricle was minimally affected in 2 rats with severe left ventricular wall lesions.
Group IV (130 wglkg; 3 hr). CNS: Mild to moderate lesions were present in most target sites (Fig. 5A-E; Table II ). The increased severity of the lesions was reflected in the degree of vacuolation of the neuropil and in the type of astrocytic and neu- Fig. 1 . H&E. x 143. C) Hippocampus CA 1, alveus: Microvacuolation persists in the alveus; considerably enlarged perineuronal spaces and hydropic astrocytes are present in the pyramidal layer. H&E.
x 143. D) Hippocampus CA3, pyramidal layer: More advanced microvacuolation of stratum lucidum, astrocytic swelling, and increased perineuronal vacuoles in the pyramidal layer. H&E.
x 230. E) Substantia nigra: Early focal microvacuolation of the neuropil is present in the pars reticularis.
H&E. x 143. C) Hippocampus CA1, alveus: Dense microvacuolation is present in the alveus; advanced enlargement of perineuronal spaces and hydropic astrocytes are present in the pyramidal layer. H&E. x 143. D) Hippocampus CA3, pyramidal layer: Severe microvacuolation of stratum lucidum, astrocytic swelling, increased perineuronal vacuoles, and neuronal necrosis are present in the pyramidal layer. H&E. x 230. E) Substantia nigra: Early focal microvacuolation of the neuropil involving a larger area than that seen in Fig. 4 is present in the pars reticularis H&E. scalloped cytoplasmic outline, a corkscrew-like appearance of the cell body and proximal portion of the axon, and necrosis with amphophilic or eosinophilic triangular cytoplasm. As was the case with the previous group, the intensity and distribution pattern of the lesions varied with the histologic architecture of the target site. In sites with a cortical organization, neuronal degeneration had a laminar Ul~UlUUUUU..1U un:; UIVVUB;~:UUVU~, 1GJ1V11J WG1G 11111ited to the pyramidal layer and alveus of CA 1 and ited to the pyramidal layer and alveus of CA I and the pyramidal layer of CA3. The corpus geniculatum medialis and substantia nigra had minimal to mild focal lesions (Fig. 5E ). Lesions were seen in all rats of this group (Table II) . Heart: The 3 types of myofiber damage described previously were detected in all rats of this group (Table II) . However, focal myocytolysis occurred less frequently, and coagulative myocytolysis was on the increase and more fully developed. Thus, most affected myofibers were swollen and on H&Estained slides they appeared to contain variably sized granules of a hyaline amorphous material and, occasionally, several contraction bands of variable thickness (Fig. 5F ). Examination under polarized light or following PTAH staining revealed that the hyaline material consisted of segments of myofibrils in varying stages of disintegration. The border between affected and normal sarcoplasm often was sharply demarcated. There was no inflammatory cell infiltration. Lesion distribution in the left myocardium was similar to that described previously. The free wall of the right myocardium had minimal lesions in 1 rat. Group V (J 30 J-tg/kg; 24 hr). CNS: Marked lesions were present in all rats and affected most target sites (Table II) . Vacuolation of the neuropil was diminished in the alveus but became more severe in the neocortex, sector CA3 of the hippocampus, and piriform cortex (Fig. 6A-D) .
Neuronal necrosis and neuronal loss were more noticeable in the cerebral cortex (Fig. 6A ) and piriform cortex (Fig. 6B ) and in sector CA3 of the hippocampus (Fig. 6D ). Areas of liquefaction necrosis affecting all cellular components were detected in the piriform cortex ( Fig. 6B ) and in CA3 of the hippocampus (Fig. 6D ). Occasional polymorphonuclear leukocytes (PMNs) and early capillary endothelial cell proliferation were detected within and near areas of liquefactive necrosis. Sector CA I contained few eosinophilic neurons (Fig. 6C) .
The intensity and distribution pattern of the lesions varied with the histologic architecture of the target site. In sites with a cortical organization, neuronal degeneration had a definite laminar distribution (Fig. 6A, B ). In the hippocampus, lesions had a focal pattern limited to the pyramidal layer of CA I to CA3 with tendency toward localization in CA3 (Fig. 6C, D) . Within the hippocampus lesions were more severe in its caudal part. The corpus geniculatum medialis and the pars reticularis of the substantia nigra had only moderate to marked focal lesions (Fig. 6E) .
Heart: Myocardial lesions consisting of mild microvacuolar degeneration and moderate coagulative myocytoiysis or caraiocytes were seen m au rats oi this group (Table II) . Microvacuolar degeneration was represented by large, at times coalescing vacuoles (Fig. 2B ). Coagulative myocytolysis was associated with acute inflammation characterized by edema and polymorphonuclear and mononuclear cell infiltration. Protein-rich edema fluid was seen in the interstitium separating affected muscle fiber bundles or damaged myocytes. Inflammatory cell infiltration was present in both the interstitium and the degenerating sarcoplasm (Fig. 6F ). PMNs that had entered into the sarcoplasm of most affected myofibers were scavenging the necrotic portion. In severely affected myofibers, the damaged sarcoplasm contained macrophages replete with phagocytosed myofibrils. Proliferation of connective tissue elements was either absent or difficult to discern.
As described earlier, lesions were limited to the left ventricular myocardium where the free wall, the papillary muscle, and the tip of the left ventricle had widespread damage. Within the free ventricular wall and the interventricular septum, the lesions most commonly affected the inner half. In the papillary muscle, lesions were distributed randomly throughout its mass. The right ventricle was rarely affected and the atria were free of visible lesions.
Group VI (130 Aglkg,-72 hr). CNS: Lesions were seen in all rats of this group and were more severe than those seen in the previous group (Table II) . There was a marked increase in eosinophilic and liquefactive neuronal necrosis with disruption of the neuropil, gliosis, and capillary endothelial cell proliferation.
Except for regression of microvacuolation in the alveus and to a less extent in the stratum lucidum of the hippocampus, vacuolation in the pyramidal layer of the hippocampus was more pronounced than before, and took the form of large intemeuronal spaces (Fig. 7C) . Vacuolation in the piriform cortex had been replaced by severe disruption and liquefaction of the neuropil and was associated with recent multifocal and perivascular hemorrhages (Fig.  7B) . Similar hemorrhages were present in the dorsal thalamic nuclei and the hippocampus. Neuronal necrosis and neuronal loss were marked to severe and widespread. In target sites with a cortical architecture, neuronal necrosis and loss had a laminar pattern (Fig. 7A, B ). In the hippocampus, necrosis, and loss of pyramidal neurons in sectors CA 1 to CA4 had both a diffuse and a focal pattern (Fig. 7C, D) . In this organ, eosinophilic neurons were more common than in the previous group and liquefaction necrosis affecting all cellular components of the stratum lacunosum moleculare was associated with severe pyramidal neuron damage in CA and CA3. Generally, hippocampal lesions were IIL-Reactivation of soman-inhibited acetylcholinesterase in the left ventricle of the rat heart.,° Rats were injected ip with either ATM (20 mg/kg) or ATM (20 mg/ kg) + HI-6 (125 mg/kg) in the same solution 10 min before soman (130 Itglkg, sc) and were killed 20 min after the soman. more severe in its caudal part. In the corpus geniculatum medialis and especially in the substantia nigra neuronal damage was distinctly focal (Fig. 7E ).
Gliosis was due to a clear increase in the number of gitter cells and monocytes, many of which were undergoing mitosis (Fig. 7B, D, E) . The astrocytic response at this stage appeared to consist of an increase in the number of ill-defined cytoplasmic processes. Mild perivascular cuffing with mononuclear cells and occasional PMNs was common in or near areas of liquefactive necrosis (Fig. 7A, E) .
Heart: Myocardial lesions were seen in all rats in this group (Table II) . Sarcoplasmic vacuolation and coagulative myocytolysis had largely subsided and were replaced by a florid fibroblastic proliferation, marked mononuclear cell infiltration, and mild interstitial edema (Fig. 7F ). Mononuclear cell infiltration was predominantly represented by clusters of macrophages with abundant cytoplasm replete with phagocytosed sarcolemmal debris. Although some macrophages were present in the interstitial tissue the large majority was still within the sarcolemmal tube. PMNs were almost totally absent. Repair represented by fibroblastic proliferation was characterized by the presence of numerous swollen cells with indistinct cytoplasmic borders and an elongated nucleus. Mitoses were seen in both macrophages and fibroblasts. Myocytes isolated by the proliferated fibroblasts were atrophic and occasionally vacuolated. The intensity of the inflammatory response and repair was similar throughout the affected myocardium.
As was the case with the previous groups, the free wall, the papillary muscle, and the tip of the left ventricle had sustained the brunt of the damage. In the free ventricular wall and the interventricular septum, the lesions most commonly affected their inner half. In the papillary muscle, lesions were distributed randomly throughout its mass.
Acetylcholinesterase Activity
The dose of soman used in this study resulted in significant inhibition of the acetylcholinesterase activity in the left ventricle (Table III) . The admin-istration of HI-6 resulted in higher acetylcholinesterase activity presumably due to the ability of HI-6 to reactivate unaged soman-inhibited acetylcholinesterase. However, even though there was a signif icant reactivation of soman-inhibited acetylcholinesterase following HI-6 administration, this did not translate into a beneficial therapeutic effect on the soman-induced cardiac pathology.
DISCUSSION
This is the first study we are aware of that has evaluated and compared the parallel evolution of CNS and myocardial lesions in rats given a single dose of soman. The results relating to advanced stages of CNS and cardiac damage are in agreement with those reported by other investigators (6, 7, 19, 43-45, 47, 66) and indicate that soman is a neuromyotoxic compound with a predilection for the limbic system of the CNS and the left ventricle of the heart.
CNS Pathology
The findings indicate that the histogenesis of CNS damage evolves through a well-defined sequence of steps and that the dynamics of lesion development appear to be modulated by the anatomic and physiologic peculiarities of the affected site and the length of time after exposure to soman. Further, the evolution of the CNS lesions appears to depend on the persistence of the excitotoxic stimulus. Thus, protracted seizure activity gave rise to more severe lesions, such as larger vacuoles, more pronounced hydropic astrocytic changes, early neuronal necrosis by 1.5 hr, and advanced neuronal necrosis by 3 hr, and followed by liquefactive necrosis by 24-72 hr.
Within the time frame of this study CNS lesions evolved through the following 4 stages: 1) the stage of microvacuolation of the neuropil and hypertrophy of astrocytic nuclei; 2) the stage of hydropic degeneration of astrocytic nuclei, early neuronal degeneration, and coarse vacuolation of the neuropil; 3) the stage of nerve cell necrosis, parenchymal punctiform hemorrhages, and liquefactive necrosis; and 4) the stage of repair. Because the development of lesions in affected rats was not always synchronus, some overlapping of these stages was inevitable. Microvacuolation of the neuropil was presumed to arise at the level of the astrocytic and dendritic cytoplasmata. Hypertrophy and hydropic change of astrocytes is thought to be secondary to an excessive increase in the extracellular K+ concentration caused by the sustained excitation ofthe postsynaptic membrane. As reported earlier (17, 30, 31, 50, 55, (76) (77) (78) , a marked increase in extracellular K+ concentration gives rise to influx of K+ into astrocytes and results in cellular swelling. This K+-induced swell-ing is due, at least in part, to increased intracellular osmolarity. The role of other ions in cell swelling is not fully understood (21, 35, 50, 77) . Dendritic swelling is suspected to represent an excitotoxic lesion similar to that previously documented for domoic acid (53, (71) (72) (73) . The mechanism of focal dendritic edema was attributed to local depletion of membrane energy stores and the ensuing failure of the neuronal membrane to maintain ionic homeostasis at that level. Neuronal degeneration characterized by edema and lysis was attributed to intracellular accumulation of Na+, Cl-, and water following sustained excitation. Neuronal necrosis with the hallmarks of ischemic cell change and homogenizing cell change was thought to be related to influx of extracellular calcium. The degree to which localized ischemia contributed to neuronal degeneration and necrosis is unclear in light of conflicting views and observations. In favor of the existence of a relative ischemia in the affected brain regions is the view that astrocytic and dendritic swelling interfere with local capillary circulation (i.e., shunting of blood to other regions). This view is based on the estimation that astrocytes comprise as much as 20-25% or more of the total volume in some brain areas (25, 68) . In addition, the findings that cardiomyopathy is a concomitant lesion, that soman induces vasoconstriction of cerebral vessels (61) , and that during soman intoxication there is a lower proportion of increase of cerebral blood flow over glucose use in affected CNS regions imply the existence of a relative ischemia in these brain regions (65) . However, recent findings showing increased cerebral blood flow in a rather large number of brain regions tend to weaken the argument that ischemia is a significant precipitating factor in the pathogenesis of nerve cell death (22) . Also, in vitro studies demonstrated that anoxic neuronal changes differ considerably from those caused by direct exposure to soman (42) .
The observed shifting of the hippocampal lesions from the alveus and the stratum lucidum to the pyramidal layer and the stratum lacunosum moleculare between 3 and 24 hr after soman dosing is thought to reflect the dynamics of lesion development within the hippocampus. It is reasonable to suggest that with time, as the stimulus causing microvacuolation in the postsynaptic component of dendritic and somatic synapses wanes due to soman metabolism and/or excretion, there is a prompt return to normal structural appearance in the least affected areas. This view is supported by the observation that significant recovery of acetylcholinesterase activity occurs by 48-72 hr postexposure (24) , and is in agreement with the observation that microvacuolation is a reversible lesion (4, 67) . These findings suggest that the continued presence of dendritic vacuolation requires an above-threshold excitatory stimulus. Ventricular dilatation has been previously reported but a satisfactory mechanism explaining its pathogenesis has not been offered (14, 15, 44, 49) . The present results suggest that internal hydrocephalus was primarily due to a rapid loss of neurons and/or the underlying structures (11, 15, 29) and secondarily to a suspected interference with cerebrospinal fluid drainage caused by the pronounced astrocytic and neuronal edema. Although ventricular dilatation is a common finding in aged rats, the fact that the observed ventricular enlargement increased pari passu with the severity of cerebral tissue loss supports the view that hydrocephalus was soman induced.
Heart Pathology
The present results also demonstrate that somaninduced cardiac damage begins shortly after dosing and that severely damaged fibers follow an inexorable course of changes leading to their demise and replacement by fibrous tissue. It appears that the histogenesis of myofiber damage proceeds through 3 distinct stages similar to those reported for the cardiotoxicity of naturally occurring catecholamines, namely: 1) the stage of hypercontraction, 2) the stage of inflammatory response, and 3) the stage of repair (5 8) . The stage of hypercontraction (45 min to 3 hr) begins with the appearance of focal myocytolysis and sarcoplasmic contraction bands and ends with coagulative myocytolysis. Focal myocytolysis occurs mostly in the part of the sarcoplasm that borders upon the intercalated disc and consists of focal sarcoplasmic rarefaction due to myofibrillar loss and accumulation of a small amount of fine granular material. Coagulative myocytolysis is characterized by large contraction bands, loss of the normal striation pattern, and a dense, fine sarcoplasmic granulation (5) . The stage of the inflammatory response (24 hr or less) begins with edema and a shortlived PMN infiltration and ends with mononuclear cell infiltration and scavenging of dead sarcoplasm by macrophages. The stage of repair (72 hr or less) begins with profuse fibroblastic proliferation and ends with myofiber loss and fibrosis. Because the development of lesions in affected fibers is not always synchronous, some overlapping of these 3 stages was inevitable. Superimposed on these lesions was the presence of sarcoplasmic microvacuoles whose density increased during the first 2 stages. The full expression of this toxic event is sufficiently unique to warrant the designation of catecholamine-mediated myocardial necrosis (58) .
There was good correlation among seizure activ-ity, histologically detectable brain damage, and degenerative cardiomyopathy in all rats given soman at 130 ~g/kg and killed at 0.75, 1.5, 3, 24, and 72 hr after treatment. The severity of the cardiomyopathy paralleled the severity of the encephalopathy. Interestingly, 1 rat in group II that failed to develop clinically visible seizures had neither CNS lesions nor myocardial damage. These findings are in agreement with those of other investigators (19, 66) . The exact mechanism of myocardial fiber damage is not fully understood. The 2 prevailing views suggest that degeneration of cardiac fibers is either due to excessive catecholamine release secondary to unphysiologic hyperactivity of the autonomic nervous system or to localized anoxia (hypoxia) brought about by soman-induced seizures. Presently, there is accruing evidence that catecholamine-mediated damage is the most significant of the 2. The process by which catecholamines, particularly the naturally occurring catecholamines, promote myocardial structural changes is complex and relatively poorly delineated. A compelling argument can be made for intracellular myocardial Ca2+ overload as a final common event in catecholamine-induced myocardial necrosis (20) . However, the role of hypoxia cannot be entirely discarded. Recognition of the ability of central stimulation to produce coronary vasoconstriction has long been available (28) and presumably contributes to centrally mediated cardiac ischemia under some circumstances.
Although the possibility that soman may exert (co-participant) a direct toxic effect on the myocardium has not been entirely excluded (57, 80) , the observed correlation supports the view that myocardial damage is neurogenic in origin. Cardiac damage can be prevented by the use of a tertiary cholinolytic such as atropine or scopolamine (68) but not by a quaternary cholinolytic such as atropine methylnitrate or through the reactivation of somaninhibited acetylcholinesterase activity, which suggests that the cardiac damage after soman is mediated by the CNS and is neurogenic in origin. The link between the soman-induced seizures and the cardiac pathology is illustrated in the observations that if the soman-induced seizures and thus neuropathology can be prevented or reduced by diazepam (15) then the soman-induced cardiac pathology is also reduced (44) (Tryphonas and Clement, unpublished observations).
Additional indirect support for the view that soman-induced cardiomyopathy is neurogenic in origin is obtained from an increasing body of evidence that a wide variety of human and animal CNS afflictions and manipulations can result in myocardial damage of varied type and degree. Thus, infection, mechanical trauma, intracranial hemorrhage, and electrical stimulation of the stellate ganglia of rats and dogs, respectively, resulted in myocardial lesions that had a strong similarity to those produced by epinephrine and norepinephrine (1, 10, 13, 23, 26, 32, 34, 48, 51, 54, 60) and to the lesions induced in this study by soman. A common factor in the pathogenesis of heart damage is thought to be the exposure of the myocardium to a massive or sustained delivery of unphysiologic amounts of catecholamines (79) . The cardiac damage seen in this study is thought to represent a secondary response to the protracted excitation of the CNS caused by the soman-induced acetylcholinesterase inhibition.
Retinal Toxicity
Unlike other excitotoxins, e.g., domoic acid and kainic acid (33, 53, 72, 73) , soman was not retinotoxic. This finding was surprising because there is some evidence to suggest that acetylcholine is a retinal neurotransmitter (52) and that soman neurotoxicity is partly attributed to recruitment of glutamatergic synapses (16, 37, 38, 41) , which are also known to occur in the retina. Additional work with different doses of soman will be needed to address this issue.
Conclusions
The preceding discussion allows the following conclusions: Soman is a potent neuromyotoxin with predilection for the limbic system, the inner half of the left heart ventricle, and, as reported elsewhere (3, 24, 75) , the skeletal muscles; the histogenesis of CNS and myocardial lesions proceeds through wellestablished stages in all target sites; the distribution of lesions in the CNS is modulated by the anatomic peculiarities of the affected structures; a common characteristic of soman's neuro-and cardiotoxicity is an acute net loss of postmitotic cells in the CNS and heart; and, the good correlation between CNS and myocardial damage strongly suggests that myocardial lesions are neurogenic in origin. Accumulating evidence suggests that acute internal hydrocephalus follows soman-induced CNS damage.
